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Abstract 



j!^ [ Recently there has been interest in electroweak models on a five dimensional interval that 

^ . break the symmetry without a higgs boson. By warping the metric of the interval it may be 

■^ possible to avoid experimental bounds on extra W bosons and 6p. Five dimensional models 

■^ ■ necessarily require an explicit UV cut-off to remain perturbative, such as that provided by 

Ph! deconstruction. We study a simple deconstruction of this scenario with a chain of S'f/(2) + x 



P-i, U{1)y groups linked by bi-fundamental higgs. There are two interesting decoupling limits of this 

,-C3 ' model, when the higgs vevs are taken large and when the SU(2) couplings grow, which might 

.^ provide a perturbative realization. In fact it is very challenging to satisfy all the experimental 

rN , bounds and the most compatible scenario has both a higgs and a relatively strongly coupled 

. F^. ', new W both close to 2 TeV. 
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The need to restore unitarity in high energy WW scattering has long been cited as evidence 
that there must be a higgs boson with mass below of order 1 TeV pp. Recently though it has 
been realized that unitarity can also be restored by a Kaluza Klein (KK) like tower of massive 
W-bosons without a higgs J21E1I11IS1- These models |lj-|2DIare variants on the idea that there is 
a fifth dimension that is a discrete interval. The gauge group is broken by boundary conditions 
at the ends of the interval rather than by a higgs mechanism. In the four dimensional theory 
at long distance scales there are only the W, Z fields and their KK towers, yet the theory is 
unitary. 

Such a model must though meet the stringent experimental constraints on the masses of 
extra W bosons, and on the precision data for sin 6-\^ and 6p (or equivalently the parameters S 
and T). Some of the above models in which the extra dimension is warped have made progress 
in meeting these constraints. However a five dimensional theory is necessarily ill defined in 
the UV where it becomes strongly coupled and must have some UV completion before strong 
coupling is reached. One must be careful not to make use of spacetime curvature on scales 
where the theory is strongly coupled - the AdS metric used in |5' with an exponential warp 
factor may for example be hard to support. Also the analysis of [12j, which uses the models we 
study below, explicitly works in the strong coupling limit. 

To keep track of the gauge coupling strength it is useful to have a fully defined theory with 
an explicit UV completion. Deconstruction [211 122] provides such a realization with the fifth 
dimension manually constructed by the reproduction of the Kaluza Klein tower in a renormal- 
izable four dimensional theory. The extra fifth dimension is first thought of as a lattice where a 
separate copy of the four dimensional gauge group lives at each site. The sites are then linked by 
Goldstone fields transforming in the (A^, A") representation of the two neighbouring site gauge 
groups. The resulting gauge boson mass spectrum, in the purely four dimensional model, then 
mimics a KK tower at scales well below the symmetry breaking scale. A fully renormalizable 
gauge theory can be found by promoting the Goldstone fields to a full higgs multiplet. WW 
unitarity is restored by the Kaluza Klein tower at low energies and finally at the very high 
fundamental symmetry breaking scale by the higgs bosons |2j. These models therefore are only 
higgsless in the sense that the higgs mass rises relative to that of the Standard Model and 
phenomenology may appear higgsless at the LHC 

The simplest deconstruction extension of the Standard Model has been suggested by a num- 
ber of authors [121 [13 UHl CSl • It consists of multiple repeats of the SU(2) gauge group as shown 
in the moose diagram notation [2S1I21] of Fig 1. There are A^ + 1 copies of SU(2) each potentially 
with a unique coupling gi. The gauge bosons are coupled by bi-fundamental higgs with vevs Vi 
linking SU(2)i and SU(2)i+i. Finally the (A^ + l)th SU(2) is coupled by the (A^ + l)th higgs 
to a U(l)y hypercharge group. This final symmetry breaking pattern ensures that there is a 



massless photon. 
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Figure 1: The moose model under consideration - numbered circles represent SU(N) gauge 

groups and links bi-fundamental higgs fields. 

The low energy dynamics is described by a non-linear realization of the Goldstone fields 

C = J2 -jTrD^'UlD^U, + higher derivative (1) 

i 

where as usual f/j = exp{2m'^T°' / Vi) with t^^ the Goldstone fields associated with the broken 
generators T"". The gauge fields enter the covariant derivatives with generators acting on Ui 
from the left or right depending upon their coupling to the left or right in the moose diagram. 
The tree level W and Z mass matrices may be read off as 
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Note that in the limit where A^ = this description of the Goldstone modes of the model is 
simply the Standard Model. In fact to completely recover the Standard Model the higgs in the 
UV completion must also be made real. 

For larger A^ when the couplings and vevs are all equal the W mass matrix has eigenvalues 



M^ = gv sin 



(2A;- l)7r 

4A^-2 



(4) 



which for large A^ and k < N reproduces a KK hke tower of W states. Note that the W tower 
masses are suppressed relative to f by a factor of A^. This is the mechanism by which we will 
remove the higgs from the low energy spectrum. In fact the couplings g grow as viV to keep 
the low energy coupling invariant so the gain in higgs mass is only viV too. In a simple higgs 
model the higgs mass is given by ^/Xv with A the quartic coupling in the higgs potential. Thus 
as the higgs vev increases by a factor of vN so does it's mass. In fact in the UV completion 
the scalar potential could be considerably more complicated with renormalizable terms of the 
form |/ijp|/ijp affecting the masses, but it is only our intention here to study the dependence of 
the vev on A^ which is indicative of the higgs mass scale. Unitarity in W scattering must still 
be maintained at scales of order the lightest W mass - as discussed in j2] the KK tower acts as 
the restoring mechanism. 

This simple set up will not make for good phenomenology since the first KK partner of the 
W is very light (the direct experimental bound is of order 500 GeV). We must therefore look at 
limits where the KK modes are starting to become more massive and decouple. There are two 
obvious limits of this form. Firstly we can raise the vevs Vi — v^; in the limit where they are 
infinite the low energy theory just becomes the Standard Model. This limit seems promising 
since precision parameters will naturally tend to the Standard Model values in this limit too 
(we will see soon how well the new physics decouples). However, the lightest higgs is becoming 
Standard Model like too in this limit and hence light. The second limit, explored in ^21, is to 
take the couplings gi — g^ to be large - this makes the KK modes heavy but does not precisely 
return the Standard Model even in the infinite coupling limit. Varying the vevs and couplings 
along the chain corresponds at the five dimensional level to warping the geometry j2Sj so we 
might hope to find the same successes seen in such models. We will explore both of these limits 
shortly. 

To present results that can be compared to experimental data we will numerically solve for 
the eigenvalues of the matrices ()2p3|l . At this stage we will simply work at tree level and search 
for a theory compatible with the data at this level. We must also couple the Standard Model 
matter fields into the model. We will follow J2] and allow the fermions to couple to the end two 
gauge groups in the moose chain. This choice ensures that T = ^2] when the central SU(2) 
groups' couplings are taken large. We have also explored other assignments but found little 
benefit from them. As usual we will fix our model to the measured values of Mz the electric 
charge e and the Fermi constant Gp since these are the best measured experimental results. 

Let us first study the limit where the gauge couplings of the internal groups of the moose 
are taken large. We fix gi...gn = g and take couplings for the end groups g and g' as shown 
in Fig 1. We also keep all the scalar vevs equal for now. Fixing the parameters to the above 
experimental quantities is a little involved. For a given value of g the Z mass matrix depends 



on three parameters g,g',v and determines the two parameters Mz,e. Numerically we first fix 
the physical value of e, which is given by e = gai + g'a2 where the as are the relevant mixings, 
to fix (y' as a function of g'. The lowest mass eigenvalue of the Z mass matrix is then fixed to the 
physical Z mass giving us numerical values for g and g' as a function of v. Finally we diagonalize 
the W mass matrix and determine v by requiring the physical value of Gp which fixes each of 

g,g',v. 
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Figure 2: Results in the model with N=10. The first figure shows the tower of W boson states 

against changing g. The dot-dashed line is the maximum higgs mass in the model. The second 

figure shows how the lightest W boson mass deviates from the Standard Model value and the 

experimental constraints at 1 and 2 a. The third figure shows 6p in the model - the 

experimental constraints is 6p > —0.001. 

We plot for the case where A^ = 10 the W and KK W masses as a function of g in Fig 2. 
We also plot the maximum higgs mass which we take to be a factor of lTeV/{125)GeV times 
the higgs vev (thus we would say the Standard Model higgs must lie below ITeV). The first 
success is that the higgs boson mass rises by a factor of 3 relative to the Standard Model. The 
KK modes also become more massive as g grows. However, the second figure showing just the 
W mass and the experimental bounds reveals that the model is some way off the data even as 
g approaches Air, an absolute maxmum value for perturbativity. Finally we have also plotted 
6p = M^/{M'^ cos 6w) — 1 with cos 6^, obtained by equating the electron coupling to the Z in our 
model to the Standard Model expression. We find a negative value of 6p that falls as ^ ^ oo but 



is still quite substantial at ^ = An. The relation between our definition of Sp and the parameter 
T is discussed in more detail in the appendix. 

It's interesting to look at the A^ dependence of these models. As an example we plot in Fig 
3 the W mass as a function of A^ when g = An. We see that increasing A^ actually moves the 
results away from the data (although of course the rise in the higgs mass grows as \/iV so one 
would hope to strike a balance). 
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Figure 3: The dependence of Mw on A^ in the moose models with g = An. 

We have though at our disposal a second decoupling limit for the KK modes. Consider again 
the moose model with A^ = 10. If we take all the vevs except one to infinity then the model 
returns to the Standard Model and all experimental constraints will be met! As an example 
of this in Fig 4 we plot the gauge boson masses in models with g = 2 and Vi to fjv = "W and 
Vn+i = V. We plot the results for each value of v/v. The extra decoupling is again apparent as 
the KK Ws rise in mass. However, here we know that the higgs mass must fall to the Standard 
Model value as v/v -^ oo and from Fig 4 we see that this fall in the higgs mass is much more 
dramatic than the rise induced in the KK tower - precisely the opposite of what one would 
require phenomenologically. 
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Figure 4: Results for the lightest Ws and higgs mass in the A^ = 10 model with g = 2 and for 
varying the vevs v/v. The right-hand side of the plot approaches the Standard Model limit. 
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Although these two hmits are not themselves sufficient to provide an interesting model one 
might hope that some combination of the two scenarios might. As an example in the A^ = 10 
model we can set g = An and look at varying v/v. We plot the results in Fig 5 for M^y and rrih- 
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Figure 5: Results for the lightest Ws and higgs mass in the A^ = 10 model with g = Att and for 

varying the vevs v/v. 

In fact in the area of parameter space where the higgs is heavy (> 2TeV) Mw is still some 
way off the data. We have tried numerically adjusting the vevs and couplings along the chain 
but have not found any significant improvement in the match to the data. In fact it is clear in 
this case that most of the heavy Ws are so heavy they do not influence low energy unitarity. For 
this reason it makes sense to restrict to models with small values of A^ which we saw above are 
in better accord with data. We do though want to see a gain in the higgs mass which requires 
large N - as a compromise lets consider A^ = 4 from which we can hope to obtain a rise in higgs 
mass of a factor of 2. We again set g = Att and plot results against v/v in Fig 6. 

Both Mw and 6p lie closer to the data when the higgs is somewhat heavier than in the 
Standard Model in this case. In fact though the next W in the tower of states lies close to 2 
TeV in this model. This was not the intention for these models where it was hoped that the 
LHC would find heavy Ws and no higgs. Here we have identified, at best, the possibility that 
a combination of a higgs and quite strongly coupled W both at 2 TeV might viably restore 
unitarity (a similar conclusion is reached in ^T] by an analysis of five dimensional models). The 
LHC might struggle to identify such a model. We conclude that finding a higgsless model in 
agreement with the precision data appears very hard - one would perhaps need at least some 
subtle symmetries in a model to achieve this goal. 



3000- 



M^ or m^ 



GeV 



2000 



1000 




SM 



0.1 
0.05 

Mw-Mw 
GeV -0-05 

-0.1 
-0.15 

-0.2 
-0.25 



v/v 



v/v 




Figure 6: Results for the lightest Ws and higgs mass in the A^ = 4 model with g = An and for 
varying the vevs v/v. We also show 6p vs v/v. Here the model lies close to the experimental 

bounds with a higgs of order 2 TeV. 



Appendix 

Since the release of this work as a preprint the authors of [17J have pointed out the following 
interesting relation between 6p as we define it and the parameters S, T. The models we study 
have been shown to have the parameters T = U = and positive S in jT5|. 6p can be defined 
either as we do in terms of the pole W and Z masses or as the ratio of the charged and neutral 
weak currents at low energies. This latter definition gives 6p = aT. The pole W and Z masses, 
given in terms of the parameters e^, s^, Gp and corrections S, T, U are given by ^Tj 
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So defining p as My^/M^c gives 



aS all 

dp = aT - -—r + -— r 
4^2 4^52 



(7) 



Thus our negative values for Sp are consistent with and caused by the presence of positive S. 
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